Abstract. Digital tabletop surfaces afford multiple user interaction and collaboration. Hybrid tabletops that include both tangible and multi-touch elements are increasingly being deployed in public settings (e.g. Microsoft Surface, reacTable). Designers need to understand how the different characteristics of tangible and multi-touch interface elements affect collaborative activity on tabletops. In this paper, we report on a mixed methods exploratory study of a collaborative tabletop game about sustainable development. We explore the effects of tangible and multi-touch tools on collaborative activity. Forty-five participants, in trios, played the game using both versions of the tools. Our analysis includes quantitative performance measures, qualitative themes and behavioral measures. Findings suggest that both tangible and multi-touch tools enabled effective tool use and that collaborative activity was more influenced by group dynamics than tool modality. However, we observed that the physicality of the tangible tools facilitated individual ownership and announcement of tool use, which in turn supported group and tool awareness.
Introduction
Since the concept of graspable user interfaces was first defined by Fitzmaurice and colleagues [1] interactive user interfaces have developed in many areas and are appreciated because of their advantages over traditional mouse and keyboard based interaction. Interactive user interfaces can provide multi-touch and multiple user interaction and opportunities to weave the physical and digital world together in a seamless matter [2] . Although there are many similarities, a multi-touch interface is distinct from a tangible user interface (TUI). Multi-touch interfaces enable "hands-on computing" [3] , direct manipulation, joint actions and spatial visibility of movements [3] . In addition to the characteristics of multi-touch interfaces, TUIs may provide affordances that are more natural [4] , enable manipulation in 3D space and may improve spatial cognition [5] . These differences are also described as embodied facilitation [6] .
Technologies such as SMART boards, plasma screens, and projected wall displays all have been studied in order to better understand how to design them to support collaborative interaction [7] . Several different tabletop systems have also been developed to support multi-user interaction that facilitates collaboration (e.g. Microsoft Surface, ReacTable). For designers it is important to understand how the characteristics of these different interface styles affect user experience. Some comparative studies have explored how multi-touch tabletops enable social interaction (e.g. [8, 9, 10] ).
Several studies suggest that multi-touch tabletops stimulate more collaboration compared to traditional user interfaces (e.g. [7, 9, 11, 12] ). In addition, tangible artifacts that are part of a user interface may invite people to interact more, because tangible objects lower the threshold for participation [13] . Thus, multi-touch interactive tabletops with additional tangible objects may provide new opportunities for socializing, collaborative learning and working. Nevertheless, as Hornecker and Buur [13] stated, the research field lacks an analysis and understanding of the aspects that support the social aspects of tangible interaction. A design framework that provides concepts or guidelines that help designers understand how to support collaboration related to multi-touch-tangible tabletops does not yet exist.
In this paper, we report on findings from an exploratory comparison of multi-touch and tangible controllers for a visualization tool that were developed to augment a collaborative, sustainability learning game, called "Futura: the Sustainable Futures Game" (original game described in [14] ). We abbreviate the game title as "Futura" in the remainder of this paper. Our study addressed two research questions: 'How does tool use differ between multi-touch and tangible interaction?' and 'How does the user interface (UI) style of the tools affect collaboration?' Our goal was to understand how the characteristics of the tangible and the digital controllers for the visualization tools affected activity and collaboration in the context of a tabletop game.
The learning goal of Futura is to increase players' awareness of the complexity of sustainability issues. Previous work with Futura indicated that players had trouble linking individual actions to cumulative, global effects [13] . In addition, many of the groups played the game with a parallel play or individual style at the beginning of game sessions, and shifted to a more collaborative play style only after they played the game several times [14] . Therefore, the goal for the visualization tools was to support players to understand cumulative effects and to enable an earlier shift from individual to collaborative play. We implemented visualization tools that addressed these needs and that could be controlled with either tangible or multi-touch objects. This enabled us to compare the tangible and multi-touch controllers of the visualization tools to determine how UI characteristics changed or enabled interaction and collaboration. For brevity we call the tangible and multi-touch controllers that are part of the visualization tools, the "tools". Compared to prior work, this exploratory study focused on a comparison of two versions of visualization tools, which were novel elements in the Futura game.
Prior research based on the Futura game has included two observational studies focusing on understanding how people learn [14] and a survey-based case study that explores how Futura can be used to engage the public with issues of societal importance [15] . This paper presents a comparative study focusing on how the UI style of these tools affects collaboration. The study was conducted with a redesigned Futura application.
Related Work
Tabletop-based games have been in the focus of several case studies on interaction with tangible and multi-touch UI elements. Examples of studies of these kinds of hybrid tabletop gaming can be found in [16] , [17] and [18] . Few studies explore how the different affordances of tangible or multi-touch interface elements affect interaction and collaboration. There are no existing studies that compare the effects of tangible and multi-touch interaction on collaborative game play activity. In this section, we will summarize some research that compares users' performance and preference using mouse, multi-touch and tangible user interfaces for a variety of application areas.
In a user study in which participants had to implement warehouse layouts with either multi-touch or tangible shelves, Lucchi et al. [19] found that the completion time for the tangible group was faster or more efficient. The authors assumed that this was caused by users' familiarity with physical artifacts in the everyday world. In another user study where users had to do several matching tasks [20] , the authors also found that tangible artifacts were easier and more accurate to manipulate. However, they emphasized that effects likely depend on the task, tangible objects and quality of technological implementation.
A user study with children solving jigsaw puzzles using three different UI styles (physical, TUI and GUI) showed no significant differences in children's enjoyment. Observation data indicated that children's engagement was higher for both physical and tangible conditions, compared to the graphical condition [21] . A follow-up study using video analysis of hand-actions indicated that there were significant differences in the frequency, duration and type of actions used to manipulate puzzle pieces between UI styles [22] and that tangible and physical UIs facilitated many fast actions, and a more sophisticated puzzle solving strategy that evolved over time.
Wang [23] performed a comparative study of a tangible and a multi-touch interface in which he investigated the effect of interface style on users' strategies and performance solving a jigsaw puzzle. Both multi-touch and tangible interaction enabled complementary actions (i.e. using physical actions on objects to reduce cognitive load) but interaction was more precise and efficient with the TUI version. The author suggests that these performance benefits may be a result of the tangible puzzle's 3D manipulation space and tactile feedback.
In a study by Rogers and colleagues [24] , the authors compared a mouse, multitouch and physical-digital condition for a collaborative design task. The mouse condition led to frustration because it resulted in unequal participation. However, it resulted in the most utterances. The physical-digital condition led to more equitable participation in terms of verbal contribution. The multi-touch condition had the most equitable participation in terms of physical actions. Based on their findings, we focus on physical as well as verbal interactions between the users.
Background Theory
In order to investigate how the characteristics of tangible and multi-touch tools affect collaboration, we first provide a working definition of collaboration. Roschelle and Teasley [25] (page 70) defined collaboration as "a coordinated, synchronous activity that is the result of a continued attempt to construct and maintain a shared conception of a problem". This activity results from individuals that share and negotiate meanings to solve a problem. In this model, collaboration is measured in terms of communication. Brehmer [26] describes the relationship between collaboration and communication as follows: if the necessity for coordination and cooperation increases, the need for communication also increases.
The theory of Computer Supported Collaborative Learning (CSCL) provides an important perspective on collaborative learning which applies to groups playing a learning game, like Futura. A review of the CSCL literature suggests three elements that are required to support collaborative learning: shared objects of negotiation [27] , referential anchors [28] and metacognitive processes [29] . In our study, we focus on shared objects of negotiation, because we are interested in characteristics of objects --tools --that may affect or improve collaboration. We also draw on empirical findings from the tangible interaction literature because designers need to understand how the different characteristics of tangible and multi-touch elements affect collaborative activities on tabletops. We next summarize the following main theoretical concepts from the CSCL and tangible interaction literature that we use to inform our analysis: objects of negotiation, access points, physical constraints and awareness. In our thematic analysis of observational data (below), we also search for emergent concepts.
Objects of Negotiation
Objects of negotiation are objects that externally represent information that is important in some way in the collaborative task [27] . An individual or group can modify this representation during the learning process. If an individual changes a shared representation, he may feel an obligation to announce, discuss or negotiate his action with the rest of the group in advance [27] . In Futura, players must collaborate and therefore communicate about various different external representations in order to win the game and through winning attain the game's learning goal. The tools we developed enabled players to change the main external representation in the game, as described below in section 4.3.
Access Points
Access points are physical or spatial interface characteristics that enable a user to join a group's ongoing interactions with a system. They provide perceptual and manipulative access and enable fluidity of sharing [30] . These characteristics may enable a user to interact, participate and join a group's activity. The amount and type of input devices that are used in shareable interfaces are important factors that shape interaction and affect the type of social interaction. Manipulative access and fluidity of sharing are two elements that are amplified by tangibility. The fluidity of sharing describes how easily one user hands over control to someone else [30] . One of the benefits of tangible tools that result from their physical and spatial qualities is that they may better enable access compared to similar multi-touch tools [30] .
Physical Constraints
Hornecker [13] describes embodied facilitation as physical and perceptual affordances and spatial properties that shape and determine people's interactions with a physical artifact. Some of the affordances of physical artifacts enable specific actions that are not possible or less obvious when using digital artifacts (e.g. a multi-touch tool). For example, physical or tangible tools can be manipulated in 3D space, whereas the use of multi-touch tools is constrained to 2D space. Because of this, a wider range of actions may be performed with tangible artifacts, and such actions are more visible to other users [23] .
Awareness
Awareness is involved in creating a context for a person's activities by understanding the activities of others [31] . Ideally, individual contributions are relevant to group activities in that they support the group to collaborate. Hornecker found that multitouch input resulted in more positive indicators of workspace awareness compared to mouse input in a collaborative task including an increase of helping behaviors and more handovers of objects [32] . She suggested "being able to see another's physical actions can enhance awareness, which in turn can support fluid interaction and coordination" [32] (page 167). Fleck et al. suggest that "maintaining joint attention and awareness" is critical to coordinated, collaborative activity [33] . They suggest that a physical artifact may better enable collaboration because of what we can do with it. For example, a physical artifact draws attention when a user picks it up from a tabletop and moves it in 3D space in front of their body.
The Futura Game and Visualization Tools

Overview
Futura (Figure 1 ) is a multiplayer, tabletop game that challenges players to make decisions that help preserve the environment, and at the same time meet the needs of a growing population. There are three roles to be played in the game: providing food, energy or shelter. Each role can access specific resources. Players can place resources on the world map to support the growing population, but they have to make sure that the resources do not damage the environment. The goal of the game is to balance supporting the population and damaging the environment in a simulated world. The game spans many years and the first version of the game lasts about three minutes. For more details about the original game, see [14, 15] . For a video overview of the Futura project, see http://www.antle.iat.sfu.ca/Futura. 
Design Goals: The New Version of Futura
Players can only win the game when they collaborate since all three roles must work together. Coordination and communication are necessary. Based on results of a previous study we wanted to better enable player understanding of the cumulative impact of actions on the world state, and to support collaboration based on this information [14] . We augmented the original version of Futura (described in [14] ) with two visualization tools.
Visualization Tools
We developed two visualization layers that provide information about the cumulative impact of player actions on the environment, and on the population. Each of the two layers is activated using magnifying glass tools. There are two tangible magnifying glasses (TUI), and two magnifying glasses implemented as digital objects activated through multi-touch (MT). We refer to these as the TUI and MT conditions. In both conditions, the two tools provide players with more information about the cumulative impact of each resource that has been placed on the world map up to that point in the game (on the environment and population respectively). One of the magnifying tools is labeled with a tree and represents the impact on the environment (Figure 2 ). The other is labeled with people and represents the ability of the current resources to meet the needs of the population. The impact visualizations are generated in real time based on the current state of the game world. The impact visualizations are in the form of Fig. 2 . Tangible (left) and multi-touch (right) magnifying glass tools "heat maps" in which colour indicates the strength of effect. We used two slightly different colour mappings for the two maps so they could be differentiated (red/dark pink is hot or negative; green/blue is cool or positive). For example, for the environmental layer, the colour red indicates areas of high damage caused by resources located in those areas. In the population layer, dark pink indicates areas where resources are not efficiently supporting the population.
Tool Usage
When a player uses one of the magnifying glass tools to activate a visualization layer, the game pauses for everyone, and the appropriate impact visualization appears as an overlay on the game world (Figure 3 ). In the TUI condition, the tangible magnifying glasses are placed on the edge of the table. Any player can place a tool on the table's active surface to activate the corresponding impact visualization. Removing the tool removes the visualization. Only one of the visualizations can be displayed at a time. In the MT condition, the two magnifying glasses are static buttons placed in each lower corner of the tabletop. Touching a multi-touch tool button will activate the corresponding visualization. Touching the resume button will remove the visualization. All other game features are identical between the two conditions. The tools may provide opportunities for collaborative communication and coordination. For example, players may use the displayed impact visualization to trigger discussion of the contribution of each resource type to the current game state and then modify their game strategy.
System Implementation
The Futura game runs on a multi-touch version of EventTable, a custom-made digital tabletop system that facilitates both multi-touch and tangible interaction, the latter using the reacTIVision-tracking library [34] . Fiducial markers are used to track the tangible tools. The platform is initially described in [14] . Some modifications were made to improve finger tracking. For example, three cameras were added to the existing camera configuration. This is described in detail in [23] . Fiducial markers are used to track the tangible tools.
Study Methodology
In order to understand the differences between tangible and multi-touch tool use, and the effects of tool interface style on collaboration, we designed an exploratory comparative study between a tangible interface (TUI) condition and a multi-touch (MT) condition of the visualization tools for the game Futura. We used a within subjects design, because the group dynamics and personality of users may have a major influence on the results [35] . Another advantage of a within subjects design is that users are able to compare the two UIs. The order of the conditions was counterbalanced (AAABBB or BBBAAA).
Participants
We collected data from 45 participants who played the game in groups of three players resulting 15 different groups. Participants (26 male, 19 female) in our study were predominantly graduate and undergraduate students from different programs at Simon Fraser University (Canada). Ages ranged from 18 to 36 years old (M =23, SD = 3.69). Most participants reported that they were in the third year of their study (14 out of 45). Most participants reported that they played computer games sometimes (16 out of 45) or often (13 out of 45), but had never (22 out of 45) or rarely (17 out of 45) interacted with a digital tabletop.
Participants were recruited through a user study pool at the university. The groups were randomly assigned and thus participants knew each other to different degrees: some were friends (13 out of 45), classmates (16 out of 45), others did not know each other at all (16 out of 45). Participants were rewarded with a $10 gift card for participating in our study.
Procedure
To minimize potential learning effects, we explained the mechanics of the game carefully before participants started playing using an in-game tutorial. To stimulate the use of the magnifying glass tools, we demonstrated and encouraged the use of them at the end of the tutorial. Participants played each of the two conditions (TUI and MT) three times. In previous studies, we noticed that many groups played the game about three times before they were able to win (without a tutorial) [14] . They were directed to try to win the game. Each game took about five minutes (longer than the original three minute version of the game because players used the tools to pause the game). The total duration of the study was about 50 minutes for each group. The participants were asked to fill in the game questionnaire after playing in both conditions. The study setup is shown in Figure 4 .
Data Collection and Analysis
The mixed methods study design involved collecting data about demographics, game performance, tool use behaviors, player opinions, as well as observations of interaction and play patterns. Quantitative measures included game performance, game scores, and tool use. Tool use data was analyzed for both frequency of occurrence and temporal patterns of usage. In the questionnaire, we asked about learning outcomes, collaboration and tools use. For example we asked the participants if they used the magnifying glasses (TUI and MT) to play the game and if they collaborated with others. We also asked participants if they thought the physicality of the tools made a difference. We used both open and closed questions, the latter ranked with a 7-point Likert scale. We analyzed numeric data with Wilcoxon test to compare the difference of two means, since the data involved repeated measures and included non-Normal count data and ordinal Likert ratings.
Fig. 4. Playing Futura in groups of three (left). The setup of the user study, showing the Futura game tabletop, three players, microphones, video camera and a additional screen (right).
Since we were interested in how the tangible tools influenced collaboration, we also collected qualitative observational notes and video. Real-time observation of the table surface on an additional screen helped the observers to see what was going on in the game without being intrusive (Figure 4, right) . We used a structured note taking approach to record how they interacted and collaborated with each other, when players started interacting, how they used the tools, and how this changed over time. Afterwards three researchers looked for patterns in collaboration. We did this by analyzing our observational notes and video through the lenses of theoretical concepts (objects of negotiation, access points, physical constraints and awareness) as well as searching for other repeated patterns or themes. Based on previous work comparing physical-digital and multi-touch tabletops, in which verbal and physical acts were both deemed important [24] , we considered verbal interactions including: utterances, discussion, information exchange, negotiation, and suggestions, and physical interactions including: gesturing and performing actions on game objects.
Results
Our results address two research questions: 'How does the tool use differ, comparing multi-touch and tangible interaction?' and 'How does the UI style of the tools affect collaboration?' Results provide insights about how players use the tools, how they collaborate with and through the tools, and with each other. We report our general tool use related findings first, then follow with our four theoretical themes: object of negotiation, access points, physical constraints and awareness. We introduce new themes under each of these, as appropriate.
General Tool Use
We observed that all 15 groups used the environment and population magnifying glasses in both the TUI and MT touch conditions. Groups used the tools during most of their games (72 out of 90 games). In total, we counted 204 magnifier usages in 90 games (90 = 2x3 games x 15 groups). Of these, 108 usages occurred with the TUI tools and 96 with the MT tools. Neither condition significantly differed regarding frequency of usage (average number of usages per game TUI: 2.4, MT: 2.1). However, the frequency of usage varied from group to group. The maximum number of magnifying glass usages (summed over all six games in both conditions for each group) was 20 and the minimum was three.
Basic usage patterns were similar for the TUI and MT groups. For example, we found that users would normally not use the magnifier glasses early in the first game (in either condition), since they were still focused on understanding their own game roles and possibilities in the game. Sometimes players seemed to forget about the tools, but started to use them later, "Maybe we should try these" (man, age 26, group 2, game 2). Furthermore, if people figured out a strategy to win the game, which normally took at least a few games, they used the tools less, since they did not need the additional information.
We also looked at how long people used the tools and if there were temporal patterns of usage (e.g. using a tool at a specific moment in the game or using both magnifier glasses directly one after each other). We found that early magnifier glass usages (within the first 45 seconds) occurred more in the second condition, regardless of which condition came second (first session = MT 2, TUI 3; second session = MT 8, TUI 10). The pattern of using both magnifier glasses shortly after each other occurred more often when players played their first three games with the TUI tools. We suggest that this could indicate that the TUI tools were more suitable for shared explorations. This suggestion needs further research.
Object of Negotiation
The tools affected the game play of everyone in the game when they were used. Our analysis of qualitative observational data indicated that people used the tools in different ways independent of condition. For example, some players only quickly glanced at the impact visualizations without having a conversation and others explored the impact visualizations in depth but did not talk. Others used it to discuss either game functionality or game strategy, sometimes including gestures like pointing to specific points on the visualization and thus, focusing all players' attention to this spot. We observed these different behaviors equally between players in both conditions, and we did not find any significant differences in how they used the tools to negotiate with each other or play the game. The characteristics and quality of collaboration we observed depended primarily on the group dynamics and personality of individuals. As can be seen in Figure 5 , some groups communicated and interacted frequently while other groups played the game largely individually. The differences in group dynamics can be explained by the different relationships in groups: some players knew each other well, others were strangers; some groups consisted of quiet and shy people and other groups had one or two main "talkers". The finding that group dynamics is an influencing factor is in line with findings from other studies [12, 24, 35] .
Analysis of the questionnaire data indicated that although users tended to like the second tool they used more, many preferred the TUI tools regardless of if they used them in the first or section sessions (26 vs. 17) . This contradiction between use and preference may be explained by the learning effect of the game: when players understood the game better, they were more likely to win and thus liked everything about the game more (including the tools). We did not see differences in collaboration responses in the questionnaire data. For example, the Likert rating for the statement "The magnifying glasses helped me to collaborate with other players" was similar in both conditions (Z = -.938, n.s. = .348). One person said he would like to have tools for everyone individually.
In both conditions and in both session orders, players used the environment tool more than the population tool (60% vs. 40%). We suggest that players may have understood the environment impact visualization better than the population one. In the environment impact visualization, the colour red represented damage, which was easily understandable for all users, "See, here where the marine resource is, it's less polluted" (woman, 22, group 12) . However, the population impact visualization showed how well the population was supported. Dark pink meant that the population was not well supported. This was not always clear, "we need more population" (man, 22, group 15). Other players related the population impact visualization to density. 
Access Points
We would expect a difference between the conditions related to access points, because the physicality of tangible tools enables mobility and handing over or passing around the tools, which could have influenced collaboration. However, our results showed no differences in how players accessed the game in either condition. This may be because all three players started the game together. The effect of access points may be more important when an additional player is joining an existing game.
Physical Constraints
In the TUI condition, we observed that initiating and resuming of the impact visualizations were done significantly more often by the same person than in the MT condition; 77,4% vs. 56% (Wilcoxon test; Z = -5.83, p<.001). In the MT condition, a different person more often resumed the game by touching the resume button in the middle of the screen. However, this does not suggest more collaboration because it often happened without the resuming player checking with the other players. In the MT group, players often reached over and canceled the impact visualization that someone else activated, without clear announcement or communication ( Figure 6 ). This may have occurred less in the TUI group because of the physical and spatial constraints on the actions that can be taken with a physical object [13] .
This finding can be explained by looking to meaning rather than behaviors alone. Each type of action that is enabled by an artifact's affordances can change the meaning of the artifact. Physicality opens up meaning making. We suggest that the finding that many more players resumed the game themselves in the TUI condition may be explained the concept of ownership. The physicality of the tool enables the action of picking it up and holding it, which may in turn cause a feeling of ownership. Psychological ownership is defined as the state in which individuals feel an object is theirs [37] . Thaler [36] uses the term "endowment effect" to describe the idea that goods that belong to one's endowment are valued higher than identical goods that do not. Endowment contributes to a feeling of ownership. When a player picks up and holds one of the TUI magnifying tools, they, and other players, may all sense that the object temporarily belongs to that player. Other players may then hesitate to take action on the object which was placed by, and temporarily owned by, another player. Further investigation is needed to find out whether it is this sense of ownership that inhibits the initiating and resuming of other players, when using physical tools. 
Awareness
Our analysis of observational data indicated that players more often announced that they were going to use one of the tools in the TUI condition compared to the MT condition. Announcements can be verbal, gestural or take the form of actions on objects. For example, announcements include visibly holding up a physical tool or waiting for others to finish their tasks before using a tool.
Using the tools affected the game play of everyone and so an individual may have felt an obligation to obtain agreement from the other players before using a tool. In our analysis, we found more instances of gestures, eye contact, and verbal announcements in the TUI condition. This may be because tangible interaction in 3D space makes individual actions more legible, which leads to better peripheral awareness. People need to make body movements in order to use both the multi-touch and the TUI magnifying tools. However, the 3D interaction space and the physicality of the TUI tools make the use more visible when they are lifted off the table in preparation for placement or to resume play [23] . This visibility may have made people more aware of each other and the tools (Figure 7 ). When asked why they liked the TUI tools more, some users (6 out of 26) said that they liked being aware of using a physical artifact. Awareness contributes to group coordination and collaborative context [31] . Coordination of actions is an important part of collaborating [32] . Announcing the use of the tools may contribute to the coordination of collaboration [33] . In a collaborative learning game, individual contributions are relevant to group activities. Awareness is critical when designing a collaborative system [31] and announcing the use of the TUI tools can be seen as an increasing awareness about the game. Gestures and utterances make it clear that people are going to use the tools. The findings that players in the TUI condition more often activated the visualization, that the same person more often resumed the game, and players more frequently announced tool use support the suggestion that the TUI design better enables tool awareness. We suggest that these findings support the effectiveness of the TUI tools for enabling awareness. Enhancing awareness supports fluid interaction and coordination during collaboration.
Limitations
The tools we added to the game are not mandatory to win the game. Although all groups used the tools at least once, it may be possible that players did not think they were useful and decided not to use them frequently. In some cases, the players linked information to the impact visualization that was not related at all. For example, some players interpreted the game world and impact visualization as location specific "maybe we can put highly polluted things far away" (woman, 27, group 7) . While the impact map shows the impact of each resource at the location where the resource has been placed, the spatial locations of resources on the map do not mediate their impact in any way. For example, placing a highly polluting resource anywhere on the map would affect the game state in the same way. This possibly confused players. Furthermore, since we did not test the effectiveness of the impact visualizations, it is possible they were confusing instead of helpful. However, any negative effects would have occurred in both conditions.
The tangible object recognition system (using fiducial markers) did not work as precisely as the touch recognition of the system. This means that activation and deactivation of the visualizations using the multi-touch (buttons) was easier and faster than using the TUI objects. This may explain why 17/45 participants liked the multitouch tools better. Of these participants who liked the multi-touch tools more, all of them gave these reasons: the MT tools worked better, faster or were easier to use. There was also some latency between activating a tool and the appearance of the impact visualization (about 0.5s). Although the latency was present in both conditions, it was slightly longer in the TUI condition. Neither of these limitations appears to directly impact our results about ownership or group and tool awareness.
Generalization of our results should take into account that we performed this study in a lab setting. For example, this limits our ability to make inferences about tool use, collaboration and public engagement in a public setting. In addition, the statistical conclusion validity is limited because of the small sample size of 15 groups.
Conclusions
In this paper, we present the results of an exploratory study that compared the differences between tangible and multi-touch tool use, and the impact of tool use on collaboration in a digital tabletop game. Analysis of tools use and its impact on collaboration was viewed through a concept from the theory of CSCL: objects of negotiation, and concepts from previous empirical research in tangible interaction: access points, physicality and awareness. Research that includes analysis using theories about collaborative learning and previous findings from tangible interaction studies for tabletop game applications is one of the unique contributions of our work. This paper presents new and valuable insights about tool use, objects of negotiation, access points, physical constraints and awareness in collaborative tabletop settings. We provide insights about how people participate and interact with both tangible and multi-touch tools in the context of a tabletop game. Our gamespecific findings include that the tools were used in different ways regardless of UI style. Some players used it individually, through quiet pondering, and others used the tools intensively and collaboratively to helped them to discuss the game strategy. We also found that players in the MT group often "took over" tool usage that a different player had initiated without consultation. We suggest that the 3D interaction space and physicality the TUI tools may have contributed to the feeling of psychological ownership which prohibited this from happening as much in the TUI condition. This is supported by the finding that tangible tool use was correlated with more player announcements (both verbal and behavioral). We suggest that better awareness of group activity, and therefore better collaboration, can occur when the same player activates the visualization and resumes the game when this is accompanied by some form of announcement. In terms of player preferences, we found that, despite implementation limitations, players still preferred the tangible tools.
Overall, our results provide limited support for the benefits of tangibility. Physical affordances can change the meaning of the artifact as well as actions taken with it. We introduced the concept of ownership which we used to explain player behaviors in the TUI condition. The physicality of the tools and the 3D interaction space may enhance ownership, enable announcements of use, and facilitate awareness. Together these processes and forms of interaction support coordinated collaborative activity. We presented the details of our analysis to support designers to make decisions about tangible and multi-touch elements of digital tabletops deployed to facilitate collaborative activity.
